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ABSTRACT
Using a 3D general circulation model (GCM), we investigate the sensitivity of the climate of tidally-
locked Earth-like exoplanets, Trappist-1e and Proxima Centauri b, to the choice of a convection param-
eterization. Compared to a mass-flux convection parameterization, a simplified convection adjustment
parameterization leads to a >60 % decrease of the cloud albedo, increasing the mean day-side tem-
perature by ≈10 K. The representation of convection also affects the atmospheric conditions of the
night side, via a change in planetary-scale wave patterns. As a result, using the convection adjustment
scheme makes the night-side cold traps warmer by 17–36 K for the planets in our simulations. The
day-night thermal contrast is sensitive to the representation of convection in 3D GCM simulations,
so caution should be taken when interpreting emission phase curves. The choice of convection treat-
ment, however, does not alter the simulated climate enough to result in a departure from habitable
conditions, at least for the atmospheric composition and planetary parameters used in our study. The
near-surface conditions both in the Trappist-1e and Proxima b cases remain temperate, allowing for
an active water cycle.
We further advance our analysis using high-resolution model experiments, in which atmospheric con-
vection is simulated explicitly. Our results suggest that in a hypothetical global convection-permitting
simulation the surface temperature contrast would be higher than in the coarse-resolution simulations
with parameterized convection. In other words, models with parameterized convection may overesti-
mate the inter-hemispheric heat redistribution efficiency.
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1. INTRODUCTION
M-dwarf stars are the most prevalent stars in the
galaxy and offer a higher chance for temperate terres-
trial planets to be detected around them (Dressing &
Corresponding author: Denis E. Sergeev
d.sergeev@exeter.ac.uk
Charbonneau 2015). These stars are smaller and dim-
mer, compared to most other main sequence star types.
In order to receive a sufficient amount of stellar radiation
and reside within the habitable zone (i.e. host liquid wa-
ter on the surface), planets have to be in tight close-in
orbits around M-dwarfs. Proximity to their host stars
is associated with strong tidal forces, meaning that the
planet is likely to be in a “tidally-locked” synchronous
rotation regime (Leconte et al. 2015) and thus have a
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permanent day side and a permanent night side. A
temperate climate regime on a terrestrial tidally-locked
planet can be destabilized in different ways and lose the
ability to sustain liquid water. On one hand, the atmo-
sphere may transition into either a “moist greenhouse”
or “runaway greenhouse” state, too hot for the water
to be in a liquid state (Kasting et al. 1993; Goldblatt
2015; Wolf & Toon 2015). On the other hand, the at-
mosphere may cool to the point of its gas constituents
condensing to the surface and their greenhouse effect
being removed, causing the temperatures plummet fur-
ther. Synchronously rotating planets with permanent
cold regions (cold traps) on the night side can be partic-
ularly susceptible to atmospheric collapse, because at-
mospheric constituents accumulate here in permanent
ice caps and cannot escape. The moist/runaway green-
house state and global glaciation demarcate the inner
and the outer edges of the habitable zone, respectively
(Kasting et al. 2014).
For both the inner and outer boundaries of the hab-
itable zone in the case of a tidally-locked planet, the
effects of water vapor and clouds are of paramount im-
portance (Leconte et al. 2013; Yang et al. 2013). At
the inner boundary, convective clouds have a stabiliz-
ing effect on the climate: intense stellar irradiance of
the dayside causes strong convection, which produces
thick and deep convective clouds that raise the planetary
albedo, thus reducing the amount of absorbed energy
(Yang et al. 2013). The outer boundary of the habitable
zone is controlled by the inter-hemispheric energy redis-
tribution (Wordsworth 2015). In the absence of a global
ocean or large geothermal flux, the atmospheric trans-
port of energy is the only way of keeping the night side
warm. An essential part of this energy redistribution is
horizontal latent heat transport, which depends on the
intensity of the surface evaporation on the day side and
water mixing ratio at the level of inter-hemispheric jets.
The water vapor and water clouds have the potential to
control the greenhouse effect on the night side. Accord-
ingly, we can expect the day-side moist convection to be
a key arbiter of planetary climates near both edges of
the habitable zone.
Over the decades, the majority of planetary studies
have employed relatively simple numerical codes, usually
single-column models or low-resolution general circula-
tion models (GCMs). Individual convective cells are too
small to be resolved by 3D GCMs (or not represented at
all in the case of 1D models). Running a global model
with fully resolved convection is still extremely computa-
tionally demanding, especially over climate time scales.
While active model development is underway to allow
for such simulations (e.g. the LFRic project at the UK
Met Office, Adams et al. 2019), the overall effect of con-
vection has to be parameterized via physically-motivated
but inevitably approximate schemes. For Earth, convec-
tion is treated by parameterizations, which are “tuned”
to the abundant observations available. Even then, it
remains one of the major causes of inter-model uncer-
tainties regarding future climate projections (Sherwood
et al. 2014; Ceppi et al. 2017). For exoplanets, no mea-
surements of convective activity are available yet, so
their atmospheres are usually modeled using simple ap-
proaches to convection, adopted from early generations
of terrestrial GCMs (see Sec. 2.3). Many Earth-centric
assumptions about convection are also applied to exo-
planetary modeling, for instance the typical convection
depth in the tropics (e.g Yang & Abbot 2014).
Recent research has started to explore the dependence
of 3D GCM simulations of exoplanets to free param-
eters used in convection and cloud parameterizations.
Yang et al. (2013) found that the stabilizing cloud feed-
back at the inner edge of the habitable zones is a ro-
bust phenomenon and the day-side cloud albedo is rela-
tively insensitive to the choice of convection parameter-
ization. Using an improved version of the same GCM
but in the context of the future Earth’s climate, Wolf &
Toon (2015) perturbed the microphysics and convection
schemes and reported that the moist greenhouse state
is relatively insensitive to such perturbations, because
convection plays an increasingly minor role in the moist
greenhouse conditions. Way et al. (2018) found that the
dependence of the surface temperature of the Earth-like
planet on the rotation rate is not substantially affected
by the change in cloud condensate treatment in the con-
vection parameterization. Confirming this finding, Ko-
macek & Abbot (2019) noted that transition of the cloud
cover for planets in various orbital regimes is overwhelm-
ingly due to dynamics and should not be parameteriza-
tion dependent. It is worth noting, however, that the
studies above employ only two GCMs and do not focus
on the convection parameterization specifically.
There is clearly a need to explore convection on ter-
restrial exoplanets in a more comprehensive way, while
also taking into account recent advancements in the the-
ory of convection on Earth, especially the development
of more fundamental and unified approaches (Rio et al.
2019). The lack of observational data for extraterrestrial
convection can be circumvented by using a convection-
permitting model that is able to simulate convective cells
directly without reliance on a parameterization. Cur-
rently, it is only feasible to use limited-area versions of
these high-resolution models due to their computational
cost (e.g. Bretherton & Khairoutdinov 2015; Rio et al.
2019). Results from a regional convection-permitting
3Table 1. Planetary parameters used in this study (Gillon et al.
2017; Grimm et al. 2018; Anglada-Escude´ et al. 2016).
Parameter Units Trappist-1e Proxima b
Semi-major axis AU 0.02928 0.0485
Orbital period (2piΩ−1) Earth day 6.10 11.186
Obliquity 0
Eccentricity 0
Stellar irradiance (S) W m−2 900.482 881.700
Planet radius (rp) km 5804.071 7160.000
Gravity m s−2 9.12 11.2
model can then be used to benchmark and augment pa-
rameterizations in global GCMs, as has been done for
Earth (e.g. Marsham et al. 2013; Stratton et al. 2018).
Models that resolve convection have been used previ-
ously to improve our understanding of Solar System
planets, namely Mars (e.g. Spiga et al. 2017) and Venus
(e.g. Lefe`vre et al. 2018), but not exoplanets. The excep-
tion is a short paper by Zhang et al. (2017), who were the
first to show the spatial variability of the atmosphere of
a tidally-locked planet simulated with a kilometer-scale
model.
Our study aims to show that the climate of terres-
trial tidally-locked exoplanets is sensitive to the way
convection is treated within a GCM. Using the Met Of-
fice Unified Model, we first perform a series of coarse-
resolution simulations with three different representa-
tions of convection to show that the circulation regime
and the global cloud cover is substantially affected (see
Sec. 3.1). Importantly, the climate state of the whole
planet and not just the substellar hemisphere (where
convection occurs) is sensitive to the convection parame-
terization. By modeling two different planets, Trappist-
1e and Proxima Centauri b, we show that this effect is
also planet-dependent. We then use the same 3D GCM
in a convection-permitting mode to obtain a fine-scale
picture of atmospheric convection for a portion of the
substellar hemisphere and to further explore the differ-
ences between the parameterized and explicit convection
(see Sec. 3.2). Using an estimate of convection intensity
on the day side, we hypothesize that a potential global
high-resolution simulation would enhance the day-night
surface temperature contrast for a tidally-locked Earth-
like planet (see Sec. 3.3).
2. MODELING FRAMEWORK
We use the Met Office Unified Model (UM) in two
set-ups: global coarse-resolution and regional high-
resolution (explained in Sec. 2.1 and 2.2, respectively).
The model equations of this 3D GCM are described in
Wood et al. (2014) and represent the atmosphere as
a deep non-hydrostatic fully compressible fluid. Equa-
tions, solved using a semi-implicit semi-Lagrangian ap-
proach, are discretized on an Arakawa C-grid in the hor-
izontal and a Charney-Phillips grid in the vertical. Pa-
rameterized processes include subgrid-scale turbulence,
convection (Sec. 2.3), H2O cloud and precipitation for-
mation (with prognostic ice and liquid phases), and
radiative transfer (handled by a correlated-k scheme
SOCRATES). Full details of UM dynamics and physics
can be found in Walters et al. (2019) and references
therein. The UM has been adapted to simulate atmo-
spheres of different planets, including gas giant planets
(Mayne et al. 2014b; Lines et al. 2018; Mayne et al. 2019;
Drummond et al. 2020) and rocky planets (Mayne et al.
2014a; Boutle et al. 2017; Lewis et al. 2018).
We use the orbital parameters of two confirmed ter-
restrial planets (see Table 1): Trappist-1e and Proxima
Centauri b (hereafter, Proxima b). The stellar spec-
tra of their corresponding host M dwarf stars are taken
from BT-Settl (Rajpurohit et al. 2013). Both planets
are assumed to be in 1:1 spin:orbit resonance, though
this is of course not necessarily the case for a rocky
planet closely orbiting an M-Dwarf star (Leconte et al.
2015). Following Boutle et al. (2017), all simulations
have a N2-dominated atmosphere with trace amounts of
CO2 and H2O amounting to a mean surface pressure of
105 Pa. We use the model in an aquaplanet regime, as-
suming a flat homogeneous surface at the lower bound-
ary in a form of a slab water ocean (Frierson et al.
2006). We choose the heat capacity of the slab layer to
be 107 J K−1 m−2, corresponding to a depth of ≈2.4 m.
The surface albedo is fixed at 0.07.
2.1. Global model
The global set-up is equivalent to the Global Atmo-
sphere 7 (GA7.0) configuration (Walters et al. 2019).
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Figure 1. Overview of the model set-up for the Trappist-1e case (see Tables 1 and 2). The MassFlux simulation covers the
whole sphere, while the HighRes simulation is shown by superimposing a high-resolution grid that covers only the substellar
region. The graphic shows cloud condensate (white isosurfaces), surface temperature (shading), and free troposphere wind
vectors (arrows), focusing on (a) the day side, with the HighRes model domain and the cloud condensate isosurface, and (b)
the night side of the planet. The cloud condensate is shown using a threshold of 10−5 kg kg−1 of total cloud condensate (liquid
water plus ice). This figure is available online as an interactive zoom and rotatable figure.
Global simulations are performed with a horizontal grid
spacing of 2.5◦ in longitude and 2◦ in latitude, with 38
vertical levels between the surface and the model top,
located at ≈40 km height. To account for unresolved
convective processes, the global model uses a mass-flux
convection parameterization, as described in more detail
in Sec. 2.3. This control simulation is labeled MassFlux
(first row in Table 2). Next, the mass-flux parameter-
ization is swapped for a simple convective adjustment
scheme in the experiment labeled Adjust (second row in
Table 2). Finally, we switch off the convection parame-
terization entirely in the experiment labeled NoCnvPm
(third row in Table 2). The UM is integrated with a
timestep of 1200 s until the steady thermal equilibrium
regime is reached. The results presented are averages
over the last 360 d of 1800 d simulations (with Earth
days as measure, 1 d = 86 400 s).
2.2. Regional high-resolution model
One of the strengths of the UM is the seamless ap-
proach to atmospheric modeling across spatial and tem-
poral scales. In practical terms, this means the same
model core can be used for global climate prediction as
well as kilometer-scale convection-permitting forecasts
— we label the latter HighRes. The main advantage
of running a high-resolution model for studying convec-
tion is that it does not rely on a parameterization but
simulates it explicitly (at least a large part of the convec-
tive spectrum). Thus, in our high-resolution simulations
(fourth row in Table 2) the convection parameterization
is switched off. The rest of the physical parameteriza-
tions are set-up according to the Regional Atmosphere
for Tropical Regions configuration (RA1-T, Bush et al.
2019).
We adopt a nested grid approach and perform high-
resolution simulations in a limited-area domain. The
domain is a square with sides of ≈6000 km placed in the
center part of the planet’s dayside in order to capture
the most vigorous convective regime (Fig. 1a). The hor-
izontal grid spacing of the limited-area model is 4 km
both for Trappist-1e and Proxima b and the number of
vertical levels is 85. A similar grid resolution is success-
fully used in weather simulations of the Earth atmo-
sphere (e.g. Marsham et al. 2013; Sergeev et al. 2017;
Stratton et al. 2018). Here we show results of 4 km sim-
ulations, but we ran an additional simulation with a grid
spacing of 1.5 km, which was qualitatively the same (not
shown). Sensitivity of the high-resolution simulations to
the domain’s location, size, and grid spacing is a fruit-
ful avenue for future studies of tidally-locked exoplanets,
but is beyond the scope of this paper.
Initial and boundary conditions are supplied by the
global model with a time frequency of 3600 s, while the
nested model time step is 150 s. The run duration is 110
Earth days, consistent with the minimum run length rec-
ommendation of the Radiative-convective equilibrium
model intercomparison project (RCEMIP, Wing et al.
2018). An additional 365-day (one Earth year) exper-
5Table 2. Numerical simulations and their key differences. For more information on
the convection parameterizations, see Sec. 2.3.
Label Model type Grid spacing Duration Convection
MassFlux Global 2.5◦ × 2◦ 1800 d Mass-flux parameterization
Adjust Global 2.5◦ × 2◦ 1800 d Adjustment parameterization
NoCnvPm Global 2.5◦ × 2◦ 1800 d Explicit
HighRes Regional 4 km 110 d Explicit
Note—MassFlux also refers to the group of 46 additional simulations with perturbed
mass-flux convection parameterization discussed in Sec. 3.3.
iment has not revealed a substantial model drift, i.e.
the atmosphere is approximately in a steady-state when
averaged over several planet orbits. It should be also
noted that the one-way nesting set-up used in our study
has an important limitation, namely the absence of the
feedback from the nested HighRes model to the parent
global model. This will be discussed in more detail in
Sec. 3.3.
Our nested model set-up is somewhat similar to Zhang
et al. (2017), who applied the Weather and Research
Forecasting (WRF) mesoscale model to explore dayside
clouds at a high spatial resolution. However, Zhang
et al. (2017) used a completely different GCM for the
parent and nested run. Our modeling framework is self-
consistent — it uses the same dynamical core and phys-
ical parameterizations (except convection) in both set-
ups. This allows us to better separate the effects of the
convection parameterization from other model compo-
nents.
2.3. Convection schemes in global simulations
A standard convection parameterization representing
the subgrid-scale energy transport associated with con-
vection in coarse-resolution simulations at the UK Met
Office is a mass-flux scheme based on Gregory & Rown-
tree (1990). In addition, we use a simpler adjustment
scheme developed by Lambert et al. (2020).
The Gregory & Rowntree (1990) mass-flux scheme be-
longs to a class of the most advanced deterministic con-
vection parameterizations. It represents convection by
decomposing the atmospheric column into different com-
ponents: updrafts, downdrafts, and a subsiding environ-
ment (Arakawa 2004; Rio et al. 2019). The collective
effect of convective clouds is represented by a bulk ver-
tical flux of heat, moisture, and momentum; as well as
entrainment and detrainment of the “background” air
in and and out of the convective plume, respectively.
The current mass-flux parameterization in the UM also
includes downdrafts and convective momentum trans-
port (Walters et al. 2019). Convection is triggered using
an undilute parcel ascent and produces deep, mid-level,
and shallow convection based on the convective available
potential energy (CAPE) closure. Similar parameteriza-
tions have been part of a few other terrestrial GCMs now
applied to exoplanetary atmospheres (e.g. Wolf & Toon
2015; Kopparapu et al. 2017; Way et al. 2017; Go´mez-
Leal et al. 2019).
Applying a mass-flux scheme to exotic atmospheres
of exoplanets has a few drawbacks, such as the com-
plexity of the scheme and the fact that existing codes
are developed for Earth meteorology. A more transpar-
ent, albeit cruder, class of convection parameterizations
are adjustment schemes (e.g. Manabe et al. 1965; Betts
1986; Frierson 2007). They are based on the concept
of radiative-convective equilibrium and assume that the
result of convection is the adjustment of the thermo-
dynamic profile to a reference state. In this study, we
use the adjustment scheme developed by Lambert et al.
(2020), which is similar to Betts (1986), but relies on
different conditions for triggering convection — a ma-
jor uncertainty in parameterizing convection. The main
parameters of this scheme are the timescale of convec-
tion and critical relative humidity. Having inherited a
lot of parameterizations from the earliest generations of
Earth models, the adjustment approach to the convec-
tion parameterization is also common in extraterrestrial
GCMs (e.g. Mitchell et al. 2009; Wordsworth et al. 2011;
Leconte et al. 2013; Yang et al. 2013; Turbet et al. 2018;
Koll 2019; Thomson & Vallis 2019). We use the adjust-
ment scheme in a set-up similar to that in the sensitivity
experiments of Way et al. (2018), namely all cloud con-
densate in the convective updraft is forced to precipitate,
implying that upper-level clouds can form only due to
detrainment or large-scale upward motions.
Simulations without parameterized convection are
also valuable and the parameterization is not required
for numerical stability in modern GCMs. Such experi-
ments have been conducted for the Earth’s climate and
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yielded results close to those with parameterized convec-
tion, at least in terms of the annual mean precipitation
(Maher et al. 2018), so in the NoCnvPm simulation we
test what effect they would have for a tidally-locked ter-
restrial planet.
3. RESULTS
We focus on the following major aspects of our numeri-
cal experiments. In Sec. 3.1 we present what the thermal
structure (Sec. 3.1.1), circulation regime (Sec. 3.1.2),
and cloud distribution (Sec. 3.1.3) of Trappist-1e and
Proxima b are in the control (i.e. MassFlux ) simula-
tion, and how sensitive they are to the choice of the
convection parameterization (the Adjust and NoCnvPm
simulations) in the UM. How the convection parame-
terization affects the inter-hemispheric energy transport
is analyzed in Sec. 3.1.4. In Sec. 3.2, we show novel
results of high-resolution model experiments (HighRes)
and highlight differences between parameterized and
explicit convection. Finally, in Sec. 3.3 we estimate
the planetary effect of substellar convection and, us-
ing a perturbed-parameter ensemble of global UM sim-
ulations, speculate what impact a hypothetical global
convection-permitting simulation would make on the cli-
mate of tidally-locked planets.
3.1. Mean global climate of Trappist-1e and Proxima b
and its sensitivity to the convection
parameterization
3.1.1. Thermal structure
In the control (MassFlux ) simulation of the Trappist-
1e and Proxima b cases, the spatial distribution of the
time-mean surface temperature (Ts) has a maximum at
the substellar point and a minimum over the nightside
mid-latitudes (Fig. 2a,b), typical for quickly-rotating
tidally-locked planets with zero obliquity (e.g. Ham-
mond & Pierrehumbert 2018; Komacek & Abbot 2019).
In terms of absolute values, Proxima b has a larger Ts
contrast of 138 K compared to 111 K for Trappist-1e, due
to much lower Ts in the night-side cold traps: 177 K for
Trappist-1e versus 149 K for Proxima b (Table 3). The
day side, on the other hand, has a maximum of ≈288 K
on both planets. Previous 3D GCM studies of these
planets report higher Ts, especially on the night-side of
the planet (e.g. Turbet et al. 2016; Wolf 2017; Fauchez
et al. 2020). As discussed by Boutle et al. (2017), the
differences stem from different representation of various
parameterized processes in GCMs, such as the radiative
effects of night-side clouds, subgrid-scale mixing in the
boundary layer, and water vapor export from the day
side. The latter is investigated below in detail with re-
spect to the day-side convection.
The day-side vertical stratification of the troposphere
is defined by the irradiated surface beneath and emerg-
ing convective motions that redistribute the energy up-
ward. The temperature profile is quite steep near the
surface and closely follows the dry adiabatic lapse rate
(Fig. 3a,b). Above the boundary layer (≈850 hPa), the
air temperature is closer to a moist adiabat, demonstrat-
ing the importance of moist convection, i.e. that the fall
of temperature with height is offset by the release of
latent heat of condensation.
The surface on the night side of both planets is ex-
tremely cold. This is explained by both the absence
of incoming solar radiation and small optical thickness
because of low water vapor concentration. In our sim-
ulations, the only source of energy for the night side
is the atmospheric heat transport from the day side.
This idea is conceptually encapsulated in a two-column
model of Yang & Abbot (2014), who note that the free
troposphere should have a weak horizontal tempera-
ture gradient — day-side and night-side vertical pro-
files in Fig. 3a,b indeed are the same above ≈700 hPa.
While the free tropospheric gradients are damped, the
near surface air cools radiatively and then the boundary
layer mixing cools the atmosphere above. As a result,
the night side is characterized by a very steep near-
surface temperature inversion (e.g. Wordsworth 2015;
Joshi et al. 2020). In such a stably stratified atmosphere,
vertical turbulent mixing of energy is suppressed, re-
inforcing the cold traps at the surface. Note that the
night-side surface temperature, through the day-night
heat transport, is very sensitive to changes in the day-
side surface temperature which is, in turn, set by a com-
bination of processes. In simulations with a dynamic
ocean (e.g. Del Genio et al. 2018), the response of the
night-side temperature to the choice of the convection
parameterization is likely to be different, but is out of
scope of the present study.
Using the Adjust set-up has broadly the same impact
on both planets’ mean Ts: it increases globally (18 K for
Trappist-1e and 14 K for Proxima b, see Table 3). As
is visible in Fig. 2c and d, the greatest warming hap-
pens in the night-side cold traps, increasing Ts to 214 K
for Trappist-1e and 166 K for Proxima b. On the day
side, the change in Ts is smaller — only about 10 K for
both planets. It is still positive everywhere for Proxima
b (Fig. 2d), while for Trappist-1e it is positive in the
tropics and negative in the mid-latitudes (Fig. 2c). As
a result, the mean temperature difference between the
sub-stellar and the anti-stellar hemisphere (∆Tdn) is re-
duced from 57 K to 39 K for Trappist-1e and from 71 K
to 63 K for Proxima b (Table 3).
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Figure 2. Surface temperature (shading, K) and horizontal wind vectors in the upper troposphere (250 hPa level) in the (left
column) Trappist-1e case and (right column) Proxima b case in (a, b) MassFlux and (c–f) sensitivity simulations. The surface
temperature in the (c, d) Adjust and (e, f) NoCnvPm simulations is shown as the difference relative to the MassFlux simulation.
Temperature profiles in the Adjust simulation largely
follow those in the MassFlux case, albeit with some de-
viations (Fig. 3, orange curves). For Trappist-1e, us-
ing the adjustment scheme warms and moistens the
low troposphere, but cools and dries the upper tropo-
sphere (Fig. 3a,c). For Proxima b, it makes the air
even warmer and moister throughout the entire tropo-
sphere (Fig. 3b,d). Altering the convection scheme in
our model affects the temperature profile on the night
side indirectly, via a change in the global wave pattern
(see Sec. 3.1.2). In the Adjust simulation of Trappist-
1e (Fig. 3a), the night-side boundary layer is profoundly
warmer, while in its lowest part the inversion is stronger,
despite the surface also being warmer.
One unexpected result of our experiments is that
changing the convection parameterization in the model
alters the temperature not only on the day side, but
also, and even more so, on the night side (where there
is no convection). In addition, the disparity between
the global climate of Proxima b in our model and that
simulated by Turbet et al. (2016) appears to be due to
the difference in the convection scheme, as posited by
Boutle et al. (2017). For example, the temperature pro-
file in the Adjust case (Fig. 3b) agrees better with the
profile of Turbet et al. (2016), who also used a convec-
tion adjustment scheme in their simulations. The same
argument can be made when comparing the night-side
surface temperature minimum in the Trappist-1e case
(Fig. 2) to that found using other GCMs (e.g. Fauchez
et al. 2020).
When we turn off the convection parameterization
(the NoCnvPm simulation) and let the UM remove ther-
mal instability via the large-scale dynamics, the result-
ing global climate settles on a state different to that of
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Table 3. Mean global, mean day-side, mean night-side, maximum, and minimum surface tem-
perature (K) in the control and sensitivity simulations of Trappist-1e and Proxima b.
Trappist-1e Proxima b
Simulation Ts Ts,d Ts,n Ts,max Ts,min Ts Ts,d Ts,n Ts,max Ts,min
MassFlux 231.8 260.0 202.7 288.3 177.1 226.6 261.7 190.5 287.3 148.7
Adjust 249.3 268.3 229.3 294.3 214.1 241.0 272.0 209.0 299.3 166.0
NoCnvPm 234.4 256.6 211.1 284.1 193.2 220.4 258.8 180.7 290.9 138.3
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Figure 3. Time average vertical profiles of (a, b) temperature (T , K) and (c, d) water vapor (q, kg kg−1) at the sub-stellar
point (solid) and its antipode (dashed) in the (left column) Trappist-1e and (right column) Proxima b simulations with the
(blue) MassFlux, (orange) Adjust, and (green) NoCnvPm set-up. Note the logarithmic scale of the abscissa in (c) and (d).
the MassFlux and Adjust cases. The globally averaged
Ts is about 3 K higher for Trappist-1e, but 6 K lower for
Proxima b than in MassFlux (Table 3). Higher Ts of
Trappist-1e is mostly due to the warming of the cold-
est night-side regions (Fig. 2e), similar to the Adjust
simulation. Along the equator at almost all longitudes,
but especially in the day-side mid-latitudes, Ts is a few
degrees lower compared to the control simulation. In
the NoCnvPm simulation of Proxima b, surface cooling
happens everywhere, except for the small region at the
substellar point (Fig. 2f). Meanwhile, its coldest regions
become even colder: the temperature minimum drops to
138 K
The temperature change in the substellar hemisphere
suggests that in the NoCnvPm simulation, the UM is
less efficient in exporting energy from the hottest region
of the planet. One might indeed expect this outcome
from a 3D Earth-like GCM. However, in the Trappist-
1e case the atmospheric circulation seems to mask this
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Figure 4. Eddy geopotential height (shading, m) and eddy components of horizontal wind vectors 250 hPa and air temperature
(contours, K) at 700 hPa in the (left column) Trappist-1e case and (right column) Proxima b case in (a, b) MassFlux, (c, d)
Adjust, and (e, f) NoCnvPm simulations. Here the eddy component is taken as the deviation from the temporal and zonal mean.
tendency by sufficiently warming the coldest regions, as
discussed in Sec. 3.1.2.
The atmospheric stratification at the substellar point
and its antipode in NoCnvPm is overall close to that
in Adjust for Trappist-1e and to that in MassFlux for
Proxima b (Fig. 3, green curves). The NoCnvPm simu-
lation is noticeably colder and drier than MassFlux for
Trappist-1e, and especially dry in the upper atmosphere
(Fig. 3c). This cannot be explained by only invoking
the Clausius-Clapeyron equation: while the tempera-
ture above 200 hPa is almost the same in all three sensi-
tivity experiments, the water vapor content is lower by 2
or more orders of magnitude. Instead, it is likely due to
the less efficient moisture upwelling on the day side and
thus weaker moisture transport between hemispheres.
Consequently, the magnitude of clear-sky longwave cool-
ing on the night side is diminished (not shown).
3.1.2. Circulation regime
In all simulations, strong heating from the constantly
irradiated surface on the day side results in a pressure
minimum and a lower-level wind convergence. This
region is associated with strong upward motions that
transport heat and moisture to the upper atmosphere,
reducing convective instability. In the upper tropo-
sphere above the sub-stellar point, the wind field is di-
vergent (Fig. 2). The main feature of the global wind
field at this level is the eastward (prograde) jets, emerg-
ing in the atmosphere of many synchronously rotating
planets (e.g. Showman & Polvani 2011; Carone et al.
2015).
The global circulation can be interpreted with the
help of the eddy geopotential field (shown by shading
in Fig. 4). In the MassFlux experiment, the quadrupole
geopotential height distribution comprises two anticy-
clones to the east of the substellar point symmetric
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around the equator and two symmetric cyclones near
the antistellar point (Fig. 4a,b). Accordingly, the hor-
izontal eddy wind field is characterized by alternating
regions of divergence and convergence between the gyres
in mid-latitudes. This pattern corresponds to a particu-
lar wave solution in the shallow water equations, namely
the westward propagating equatorial Rossby wave (see
Fig. 3e in Kiladis et al. 2009). These planetary waves
have a barotropic structure, as confirmed by analyzing
the eddy geopotential field at different levels: cyclonic
and anticyclonic gyres are aligned in height (not shown).
This is also indicated by the free-tropospheric temper-
ature contours in Fig. 4a,b, largely aligning with the
isolines of eddy geopotential.
The planetary-scale equatorial Rossby wave pattern
dominates the atmospheric circulation both in the
Trappist-1e and Proxima b MassFlux cases. However,
there are subtle differences in their dynamical regimes,
which can be expressed in terms of the ratio of the
Rossby deformation radius and the Rhines length scale
to the planet’s radius (Haqq-Misra et al. 2017). Follow-
ing Leconte et al. (2013) and Haqq-Misra et al. (2017),
we estimate the non-dimensional Rossby radius of de-
formation, λRo, and the non-dimensional Rhines length,
λRh, as
λRo =
Ld
rp
=
√
NH
2Ωrp
, (1)
λRh =
LRh
rp
= pi
√
U
2Ωrp
, (2)
where Ld is the equatorial radius of deformation, LRh
is the Rhines length, rp is the planet radius, Ω is the
planetary rotation rate, N =
√
g/θ∂θ/∂z is the Brunt-
Va¨isa¨la¨ frequency, θ is the potential temperature, H =
RdT/g is the atmospheric scale height, Rd is the dry
air specific gas constant, T is the air temperature, and
U is the zonal component of the wind vector. Note the
equatorial Rossby radius of deformation for continuously
stratified fluids Ld is used in the derivation above, and
β = 2Ω/rp. Thermodynamic variables and the wind
speed are calculated here as mass-weighted tropospheric
averages (within 0–15 km in height).
Estimates of λRo and λRh reveal the planets’ global
circulation is close to the boundary between different
rotation regimes (Fig. 5). The atmosphere of Trappist-
1e is in an especially delicate position, with the plan-
etary Rossby wave length almost exactly matching the
planet’s radius (λRo ≈ 1). For Proxima b, the Rossby
deformation radius does not fit within the confines of the
spherical geometry of the planet, as λRo ≈ 1.25. Adding
the Rhines length to the picture, we expect that zonal
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Figure 5. Atmospheric circulation regimes of (crosses)
Trappist-1e and (circles) Proxima b simulations with (blue)
MassFlux, (orange) Adjust, and (green) NoCnvPm set-up,
defined by the estimates of the non-dimensional Rossby de-
formation radius (Ld/Rp, x-axis) and the non-dimensional
Rhines length (LR/Rp, y-axis).
turbulence-driven jets can form and cause a departure
from symmetry in the thermally direct circulation in the
Trappist-1e case, because the length scale for the turbu-
lent energy cascade is smaller, albeit not by much, than
the planetary radius, i.e. λRh . 1. Proxima b is further
away from the transitional boundary with λRh > 1, in-
dicating that its atmosphere is more dominated by ther-
mally direct circulation (Haqq-Misra et al. 2017).
In the Adjust simulation of Trappist-1e, the change in
the atmospheric circulation regime explains the remark-
able recession of cold spots on the night side. To the first
order, it is already hinted at by λRo crossing the bound-
ary in Fig. 5, thus indicating that the circulation regime
is closer to the rapid rotation than to the Rhines rotation
(as defined in Haqq-Misra et al. 2017). The distribution
of the eddy geopotential height is dominated by a pair
of cyclonic gyres to the east of the substellar point and
a pair of anticyclonic gyres to the west of it (Fig. 4c).
This pattern is almost a mirror-opposite of the distri-
bution in the MassFlux simulation (Fig. 4a), plus the
gyres are shifted poleward and more zonally elongated.
Furthermore, the cyclone-anticyclone pairs have baro-
clinic structure, as illustrated by the large temperature
gradient within their cores. This structure corresponds
to the extratropical Rossby wave pattern (e.g. Carone
et al. 2015).
Why is the atmospheric circulation in the Trappist-
1e case defined by extratropical, rather than equato-
rial, Rossby waves? We speculate that this is caused
by the change in the zonal temperature gradient on the
day side, which in turn is due to a different convection
regime at the substellar point. Comparing Fig. 2c to
Fig. 2a, we see that in the Adjust simulation the day-
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simulations. Low (L), mid-level (M), and high (H) cloud classes correspond to 0–2 km, 2–5.5 km, and >5.5 km in altitude,
respectively. The cloud cover is given by the maximum cloud fraction (0–1) on any model level. If only one type of cloud is
present, the color scale shows that fraction, with a contour interval of 0.1. If more than one type of cloud is present, the color
scale shows the average of the two or three cloud types present. Note clouds with very low water content (optical depth < 0.01)
are filtered out. Mean precipitation (mm h−1) in the form of rain and snow is shown by green and blue contours, respectively.
side, the tropics become warmer, while the substellar
mid-latitudes become colder, thus enhancing baroclin-
icity towards the poles. Larger baroclinicity enhances
the extratropical Rossby waves, which then propagate
meridionally and break in lower latitudes, decelerat-
ing the equatorial super-rotating jet (Mitchell & Vallis
2010). Since the equatorial jet weakens, while the mid-
latitude jets strengthen due to larger baroclinicity (via
the thermal wind balance), the heat redistribution to
the extratropics of the night-side becomes more effec-
tive, thus causing the cold traps to warm.
In NoCnvPm, the mechanism of the night-side warm-
ing for Trappist-1e appears to be similar to that in Ad-
just, confirmed by λRo < 1 (Fig. 5). Even though the
substellar point does not warm as in Adjust, the day-
side mid-latitude regions become substantially colder, so
the baroclinicity increases, resulting in the extratropical
Rossby wave-like response (Fig. 4e).
3.1.3. Clouds and precipitation
Due to deep convection, most of the day side of
Trappist-1e and Proxima b is covered with multiple lay-
ers of clouds (shading in Fig. 6). The water vapor car-
ried upwards by convective updrafts eventually precip-
itates out, mostly in the form of rain (green contours
in Fig. 6). Snowfall forms a ring of weaker precipita-
tion around the substellar region, coincident with lower
temperatures (blue contours in Fig. 6).
While the day sides of both planets in the MassFlux
simulations are comparable in terms of the cloud cover
and precipitation, the night sides are different. Com-
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Table 4. Global top-of-atmosphere shortwave (CRESW ), longwave
(CRELW ), and total (CRE) cloud radiative effect (W m
−2) in the control
and sensitivity simulations of Trappist-1e and Proxima b.
Trappist-1e Proxima b
Simulation CRESW CRELW CRE CRESW CRELW CRE
MassFlux -52.5 10.4 -42.1 -58.3 15.7 -42.6
Adjust -20.0 7.2 -12.8 -20.4 10.2 -10.2
NoCnvPm -57.4 13.1 -44.3 -63.9 13.4 -50.5
pared to the mostly cloudless Proxima b case, the night
side of in the Trappist-1e case is almost completely cov-
ered by low and mid-level clouds and has more snowfall.
This disparity between the two simulated climates is as-
sociated with different energy balances: the longwave
radiation cooling of Trappist-1e is partly due to the pres-
ence of clouds, while in the Proxima b case it is entirely
due to clear-sky radiation (not shown). Note the clouds
also act as a greenhouse agent and emit radiation back
to the surface.
In Adjust (Fig. 6c,d), the day sides of both planets
experience a severe reduction in low clouds with respect
to MassFlux : the substellar region is now shielded from
the incessant stellar radiation only by mid- and high-
level clouds. For Trappist-1e, the high cloud layer is
smaller and confined to the tropical latitudes, exposing
large areas of the planet’s surface to space. For Proxima
b, high-level clouds are broadly the same, but a large
swath of day side is cloudless. Consequently, the Bond
albedo of both planets drops to ≈ 0.14.
On the night side, using the Adjust set-up results in
different cloud response for Trappist-1e and Proxima b,
as a consequence of the differences in the circulation
regime. The polar regions of Trappist-1e become com-
pletely enveloped with thick clouds in the Adjust sim-
ulation, whereas the tropical regions are only covered
with a thin veil of low clouds (and a high-level anvil at
the eastern terminator, Fig. 6c). The increase in ex-
tratropical clouds is associated with the increased role
of baroclinic instabilities. Meanwhile, the cloud layer
on the night-side of Proxima b is only slightly thicker
and does not extend higher than 2 km (Fig. 6d). In the
end, the changes in cloudiness and precipitation result
in a slightly more positive night-side water balance (i.e.
positive precipitation minus evaporation) on both plan-
ets compared to that of the MassFlux experiment, with
potential ramification for the global water supply be-
ing permanently trapped on the night side as ice over
geologic timescales.
Due to the different treatment of condensed water in
the convection parameterization (see Sec. 2.3) and over-
all atmospheric warming, the total precipitation rate in-
creases more than two-fold in the Adjust experiments
over the control. The balance between the “convective”
and the “large-scale” precipitation is tipped in favor of
the former: from only 20–25 % of total precipitation be-
ing convective in MassFlux to 90–95 % in Adjust. Note
whilst this separation between convective and large-scale
precipitation is artificial from the physical point of view,
it is a necessary component of most GCMs. More impor-
tantly, an incorrect balance between them can result in a
different climate state as demonstrated here for tidally-
locked Earth-like planets.
In NoCnvPm, the day-side cloud pattern is close to
that in MassFlux, while the night-side pattern in the
Trappist-1e case is close to that in Adjust, in accordance
with the global circulation response (see Sec. 3.1.2).
These changes are accompanied by more concentrated
precipitation over the substellar point. As blue isolines
in Fig. 6e,f demonstrate, the day-side rainfall field is
much noisier, which is a manifestation of the grid-scale
motions removing instability without the smoothing ef-
fect of the convection parameterization. While the sub-
stellar region experiences a surge in precipitation, it de-
clines significantly over the rest of the planet both in the
Trappist-1e and Proxima b simulations, resulting in less
water being deposited on the night-side.
Cloud distribution affects the fluxes of energy at the
top of the atmosphere (TOA). We use the TOA radia-
tion fluxes to calculate the global cloud radiative effect
(CRE) for each simulation (Table 4). CRE is derived
as the difference between the clear-sky and all-sky radia-
tive flux (Ceppi et al. 2017). Day sides of tidally-locked
terrestrial planets are mostly affected by its shortwave
component (CRESW ), which is negative, because H2O
clouds generally reflect solar radiation stronger than the
planet’s surface. Both for Trappist-1e and Proxima b
in the MassFlux simulations, the magnitude of CRESW
is quite large (−52.5 W m−2 and −58.3 W m−2, respec-
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tively) because of the high amount of thick clouds on
the day side. Clouds usually reduce outgoing terrestrial
radiation, so the longwave CRE (CRELW ) is globally
positive. CRELW is half as big for the planets in our
study, compared to the present-day Earth. To explain
this, we recall that unlike its shortwave counterpart,
CRELW depends primarily on the emission tempera-
ture, which is a function of cloud altitude. Whilst the
night sides of the planets are characterized by the strong
near-surface temperature inversion, the low-level and es-
pecially mid-level clouds are suspended in the warmest
layer (Fig. 3a,b). Consequently, the emission temper-
ature of clouds is higher than that of the clear sky,
resulting in a negative night-side (and lower globally)
CRELW , notably in the case of Trappist-1e (see Fig. 6a
and Table 4).
In the Adjust experiment, CRE is dramatically re-
duced with respect to the control — mostly due to
the smaller magnitude of its shortwave component to
≈− 20 W m−2 (Table 4, middle row). This is because
the convection adjustment scheme used here immedi-
ately precipitates the available condensate, which re-
sults in fewer low- and mid-level clouds and thus lower
CRESW . Without the convection scheme (NoCnvPm),
the day side is enshrouded in thick clouds with a high-
altitude anvil extending to the east (Fig. 6e,f), increas-
ing the magnitude of CRESW and making the total
CRE more negative (Table 4, bottom row). This effect
is also evident in the increase of the day-side albedo.
3.1.4. Energy redistribution to the night side
A useful estimate of the horizontal energy transport
in planetary atmospheres is the mass-weighted verti-
cal integral of the horizontal divergence of the moist
static energy (MSE) flux,
∫ ztop
0
ρ∇ · (~uh) dz, where h =
cpT + gz + Lvq and ~u is the horizontal wind vector. Its
average profile is presented in Fig. 7 as a function of
longitude. Principally, we see the MSE flux diverging in
the substellar hemisphere and converging in the antis-
tellar hemisphere in all our simulations. The divergence
of dry static energy (DSE, cpT+gz) flux dominates over
the latent component (LSE, Lvq), especially on the dry
night side of the planet. At the substellar point, the DSE
flux divergence in the upper troposphere is substantially
compensated by the convergence of LSE flux in the lower
troposphere, reminiscent of the Hadley circulation on
Earth. A similar structure of the MSE transport diver-
gence was also found in simulations of a slowly-rotating
Earth-like aquaplanet (Merlis & Schneider 2010), albeit
with higher amplitude due to the higher insolation re-
ceived from the Sun. Both in Fig. 7a and b it is evident
that the longitudinal profiles are not perfectly symmet-
ric around the prime meridian and instead have peaks
shifted east by a few degrees. This is related to the
eastward shift of the hottest part of the atmosphere due
to the upper-level jets (e.g. Showman & Guillot 2002;
Penn & Vallis 2018); it also justifies the positioning of
the high-resolution domain (see Sec. 3.2).
To first order, profiles of MSE flux divergence are sim-
ilar in the Trappist-1e case compared to those in the
Proxima b case. The largest difference is in the profiles
of the latent component of MSE: the LSE flux conver-
gence at the substellar point is much stronger in the
Proxima b case (Fig. 7b) in all three simulations, while
in the Trappist-1e case it is quite weak in the Mass-
Flux simulation and almost negligible in the sensitiv-
ity simulations (Fig. 7a). At the same time, there is a
larger contribution of the latent component to the MSE
flux divergence on the night side of Trappist-1e, com-
pared to that of Proxima b, which is in accord with the
higher night-side column-integrated water vapor content
in the Trappist-1e case (though the LSE component is
still smaller than the DSE component). In both cases,
using the Adjust set-up results in a more intense energy
14 Sergeev et al.
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Figure 8. Latitudinal cross-section of the zonal transport of sensible (cpT , black contours, solid — positive, dotted — negative)
and latent (Lq, color shading) heat (106 W m−2) through the eastern terminator (90◦E) in (left column) the Trappist-1e case
and (right column) the Proxima b case in (a, b) MassFlux, (c, d) Adjust, and (e, f) NoCnvPm simulations.
transport and in particular a larger share of the LSE
flux divergence in the global energy transport.
To investigate the structure of this inter-hemispheric
energy transport, we turn our attention to the zonal
transport of sensible (cpT ) and latent (Lvq) heat
through the plane of the eastern terminator (Fig. 8),
where the change in MSE flux divergence is the steepest
(Fig. 7). The sensible heat transport clearly dominates
the total heat transport, while its latent counterpart is
≈ 2 orders of magnitude smaller. Their structure in
the vertical and horizontal is dictated by the wind field,
but depends on the temperature and water vapor dis-
tribution too. The day-to-night energy transport is the
strongest at ≈5 km above the surface (≈500 hPa), i.e.
slightly lower than the jet stream maxima and coincid-
ing with the altitude of the weak horizontal temperature
gradient (Fig. 3a,b). Close to the surface in the tropics,
the heat transport is negative, partly canceling the net
day-side divergence of the MSE flux (Fig. 7). The inten-
sity of water vapor transport is largely correlated with
the intensity of dry heat transport (cf. contours and
shading in Fig. 8). Consequently, there are differences
in the water vapor path on the night side, as mentioned
above.
The heat flux cross-sections in Fig. 8c–f elucidate the
response to different convection parameterizations and
how it differs between the two planets. Consistent with
the changes in the circulation regime, the dry heat trans-
port maxima is almost doubled in the Adjust experi-
ment for Trappist-1e, while the water vapor transport
substantially intensifies too and is more concentrated in
the tropical region (Fig. 8c). With no convection pa-
rameterization (NoCnvPm, Fig. 8e), the dry heat trans-
port is also greater than in the MassFlux simulation,
but the water vapor transport is substantially weaker.
Both in the Adjust and NoCnvPm cases, the day side
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to night side heat transport is closer to the equator,
while the opposite flow emerges in the polar regions
(Fig. 8c,e). The Proxima b case generally responds in
a similar way, but the response is much more muted,
especially in terms of the sensible heat transport cross-
sections (Fig. 8d,f). Most importantly, the overall struc-
ture of the heat transport in the sensitivity experiments
remains the same as in the MassFlux experiment.
The global heat transport efficiency can be also ex-
pressed via the TOA energy fluxes. Following Leconte
et al. (2013), we compare the ratio of the mean night-
side TOA OLR over the mean day-side TOA OLR, re-
ferred to as the global heat redistribution parameter (η).
This parameter reaches its maximum when the horizon-
tal transport is the largest, i.e. in the Adjust exper-
iments: 0.81 for Trappist-1e and 0.67 for Proxima b.
For Trappist-1e, η is the lowest in MassFlux (0.70) and
for Proxima b in NoCnvPm (0.53). Thus selecting one
convection parameterization or another for a terrestrial
exoplanet can induce a difference of ≈10 % in its thermal
emission footprint. Note the amount of water vapor on
the night side of the planet affects the heat redistribu-
tion too by changing the emissivity of atmosphere (Lewis
et al. 2018).
To sum up, the choice of convection parameterization
is important for the global circulation and thermody-
namic regime of tidally-locked planets. By modulating
the heat redistribution, they alter the thermal contrast
between the day and night hemispheres. The change
in the thermal contrast is not likely to be observable
by modern telescopes, implying that GCMs can rely on
current convection parameterizations without affecting
their synthetic phase curves too much. Nevertheless,
the change in the surface temperature, especially on the
night side, is substantial (see Table 3) and comparable to
the impact of large variations in the incident stellar flux
(e.g. Komacek & Abbot 2019). Furthermore, by look-
ing at two slightly different planetary configurations, we
show that the impact of convection on the global cli-
mate is sensitive to the planetary circulation regime in
general and thus depends on external parameters such
as the stellar irradiance, gravity, radius, and the rota-
tion rate of the planet. It should be noted that none of
the existing parameterizations of convection is perfect,
but most exoplanetary GCMs rely on them. The results
of this study demonstrate that caution should be taken
when interpreting results of GCM simulations with one
parameterization or another. In the absence of observa-
tions, our best alternative to parameterized convection
is a high-resolution convection-permitting model, used
in the next section.
3.2. High-resolution simulations
The mean atmospheric state obtained in the global
experiments described above is used to initialize a high-
resolution limited-area simulation for each of the plan-
ets. In both cases, initial and boundary conditions are
supplied by the global model with the MassFlux set-
up. We run the high-resolution experiment (HighRes)
for 110 Earth days (Sec. 2.2) and focus on the output
over the final 10 simulation days. The location of the
nested domain is shown in Fig. 1a, as well as in Fig. 9a
and Fig. 10a. The domain is centered at (10◦E, 0◦N) to
capture the bulk of the convectively-active region.
3.2.1. Horizontal inhomogeneity
Fig. 9 and Fig. 10 present instantaneous TOA OLR
in the (parent) global and HighRes model simulations
over the substellar region. Besides reproducing indi-
vidual convective plumes, shown by low values of OLR
(i.e. high clouds), HighRes also simulates cloud-free ar-
eas of subsidence more clearly than the coarse-resolution
model (cf. middle and right panels in Fig. 9 and Fig. 10).
As a result, there is a clear separation between the two
models in the TOA OLR histogram (Fig. 11a,b). In the
global model, TOA OLR tends to be higher and has
a peak at ≈220 W m−2, corresponding to warmer and
hence lower cloud tops (250 K, .5 km). The HighRes
histogram has only a minor secondary peak at this TOA
OLR value (Fig. 11a), while the absolute maximum is at
≈120 W m−2, corresponding to colder and higher clouds
(214 K, &10 km). The decrease of OLR (≈15–20 %) at
the top of the atmosphere in HighRes is compensated
by the increase of the outgoing shortwave radiation. In
other words, the average Bond albedo of the substel-
lar region increases by about 3 % both for Trappist-1e
and Proxima b. It is important to note that the TOA
OLR histograms are sensitive to the sampling region and
time. Using data from a central part of the domain and
only over the last 10 days of the HighRes simulation
results in more similarity between the global and High-
Res data, especially for the Proxima b case (Fig. 11d).
The remaining positive OLR bias of the global model in
the Trappist-1e case (Fig. 11c) can be attributed to the
maximum in the liquid cloud condensate mixing ratio
(see Sec. 3.2.2). We aim to conduct more convection-
permitting simulations with various grid configurations
and nested domain placements in the future to explore
the robustness of these results.
Grid cells with clouds and intense precipitation
(Fig. 12a) correspond to the most intense convective
updrafts, represented by positive vertical wind val-
ues, while dry patches are associated with downdrafts
(Fig. 12b). In the global model, the vertical wind field
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Figure 9. Snapshot of top-of-atmosphere outgoing longwave radiation (W m−2) in the Trappist-1e simulation at 102 d: from
the global model (a) over the whole planet, (b) zoomed in on the HighRes domain; and (c) from the HighRes simulation. The
dark blue box in (a) shows the location of the HighRes domain.
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Figure 10. Same as in Fig. 9, but for Proxima b at 100 d.
is mostly positive, but has much lower absolute values in
each grid cell. Concomitantly, the precipitation rate in
the global model is significantly weaker and spread over
the whole region more evenly (not shown). This results
in the precipitation rate being capped at ≈40 mm d−1 in
the global model, while the maximum precipitation rate
in the HighRes model exceeds 100 mm d−1 (Fig. 12a).
There are >40 % more cells with low precipitation rate
(≤1 mm d−1) in the HighRes model than in the global
simulation, reminiscent of the change in rainfall on
Earth with and without parameterized convection (Ma-
her et al. 2018). Qualitatively speaking, the HighRes
simulation is able to reproduce a wider spectrum of at-
mospheric circulations, including individual convective
cells, mesoscale frontal structures, and cyclonic vortices.
3.2.2. Vertical cloud structure
Despite the spatial variability of convective activity
and TOA energy fluxes, the average atmospheric strati-
fication in the substellar region is rather similar between
the global simulation and the HighRes simulation. The
temperature and water vapor in the HighRes simula-
tion essentially follow the MassFlux lapse rates shown in
Fig. 3, though there is some minor deviation: the lower
troposphere is slightly colder and drier in the Trappist-
1e case and slightly warmer and moister in the Prox-
ima b case — resembling the effect of the NoCnvPm
simulation. Note the vertical profiles represent 10-day
averages, and instantaneous profiles differ more.
More prominent differences between the global and
HighRes experiments appear in the vertical profiles of
cloud liquid and frozen water content (Fig. 13). In gen-
eral, these profiles show a transition between liquid-
phase clouds at lower model levels, to mixed-phase
clouds within ≈1.7–3.5 km, to ice-phase clouds aloft.
Parameterized convection in the global simulation, in-
teracting with the cloud scheme, tends to underproduce
clouds in the boundary layer (2–3 times less liquid wa-
ter) when compared to the HighRes model. However,
in the mixed-phase cloud layer above, the liquid water
content is overestimated by the global model, resulting
in an overall higher liquid water content within the sub-
stellar region. The concentration of ice crystals in the
global model, on the other hand, has a smaller bias rel-
ative to the HighRes model, though it is positive in the
Trappist-1e case and negative in the Proxima b case.
With regards to the mixed phase (where ice crystals
comprise between 20 to 80% of the total cloud conden-
sate, Sergeev et al. 2017), the global simulation makes
this type of cloud thicker by several hundred meters than
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Figure 11. Histograms of instantaneous TOA OLR values in (a, b) the full HighRes domain, sampled every day over 100 days,
and (c, d) in the central part of the HighRes domain (shown by the blue box in Figs. 9, 10), sampled over 10 days, for (a, c)
Trappist-1e and (b, d) Proxima b. Light blue bars show the global model values, while dark blue bars show HighRes model
values.
that in HighRes. This has an impact on the formation of
precipitation, as well as graupel-type hydrometeors and
hence the generation of lightning (Tost et al. 2007). The
latter may then alter the atmospheric composition, po-
tentially detectable by future telescopes (Ardaseva et al.
2017).
The TOA energy balance over the substellar point is
predominantly affected by the upper layers of convec-
tive clouds, therefore the disparity in frozen cloud con-
densate between coarse- and high-resolution simulations
could be crucial. As Fig. 13 shows, the cloud ice profiles
at the very top of the domain are congruent in both mod-
els, which is an unexpected result given the noticeable
differences in TOA fluxes mentioned above. A deeper
investigation of the model’s microphysics scheme and
its interaction with the convection parameterization is
required to reveal the answer to this.
Within the lower-to-mid troposphere, radiation heat-
ing is much weaker than the temperature changes due to
the latent heating or cooling (not shown). Differences in
cloud structure between the global and HighRes model
affect this heating profile. The HighRes model, having
more low-level liquid-phase clouds (Fig. 13), tends to
have a strong negative latent cooling due to the evapo-
ration of cloud condensate (Fig. 14). In the global simu-
lation, on the other hand, the cloud-related temperature
change is smaller, hovering around zero at these verti-
cal levels. At approximately 800 hPa (≈2 km) we see a
local cooling peak, which is especially prominent in the
Proxima b case (Fig. 14b). Above this level, the latent
heating starts to dominate both in the global and High-
Res simulations, with shortwave heating overtaking in
the upper troposphere (not shown). The rate of the la-
tent heat release is stronger in the global model, though
the difference is obscured by internal variability (see e.g.
Fig. 14a). Nevertheless this contrast in heating rates re-
sults in the different upper-level flow divergence, as we
discuss in the next section (Sec. 3.3).
3.3. Global impact of resolved convection
The benefits of running a high-resolution convection-
permitting model do not cease at reproducing the struc-
ture of mesoscale weather systems and fine-scale features
of the cloud cover. It also improves the energy transport
in the substellar region.
In the previous section (Sec. 3.2) we demonstrate that
the global coarse-grid model performs reasonably well
when compared to the HighRes model in terms of the
mean state of the convective region. This is perhaps un-
surprising given the level of sophistication of the mass-
flux parameterization used in the global model, as well
as the Earth-like atmospheric temperature and pressure
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Figure 12. Snapshot of convection in the substellar region
in the Proxima b case at the end of the HighRes simulation.
Colors show (a) precipitation rate (mm d−1) and (b) upward
vertical velocity (m s−1) at ≈2500 m altitude.
used in this study. However, as indicated by Fig. 3,
having relatively similar thermodynamic profiles in the
substellar region can still result in different climate con-
ditions globally (MassFlux versus Adjust or NoCnvPm).
Moreover, we have shown that the vertical distribution
of latent heating is positively biased in the global model
(Fig. 14), prompting us to estimate the potential global
impact of the HighRes simulation.
Our current model set-up does not allow us to estimate
this impact directly due to the one-way grid nested con-
figuration. Nevertheless, we can indicate a likely trend
by identifying a statistical relationship between the met-
ric of convective activity within the substellar region
and the state of the resultant climate in global simu-
lations. For the latter we use the mean surface tem-
perature difference between the day side and the night
side of the planet (∆Tdn). Substellar convective activ-
ity is expressed via the horizontal flow divergence in the
free troposphere within the domain of the HighRes ex-
periment (∇ · ~uss). Both parameters can be calculated
for global simulations, while only ∇ · ~uss is available in
the HighRes simulation (because it is a regional simula-
tion). We thus aim to create a regression using a series of
global simulations and then suggest ∆Tdn from a given
value of the flow divergence in HighRes. To build the
regression we conduct an additional series of global ex-
periments with a suite of slightly different configurations
of the mass-flux convective scheme. The scheme param-
eters are perturbed one at a time, while the rest are
the same as in the control. This MassFlux “ensemble”
comprises 47 realizations, including the control, which
has been analyzed above in more detail (Sec. 3.1). The
list of perturbed parameters with corresponding values
is given in the appendix (Table 5).
As has been shown in Sec. 3.1, the day-night tem-
perature contrast is larger in the Proxima b than in
the Trappist-1e case by ≈15 K on average. Perturbing
the convection scheme parameters results in a scatter of
the order of a several K, though with a few outliers
with noticeably small ∆Tdn (Fig. 15). With regards
to the mean wind divergence over the substellar region,
most simulations are clustered around 5× 10−6 s−1 and
7.5× 10−6 s−1 for Trappist-1e and Proxima b, respec-
tively. Increased divergence tends to correlate with
smaller day-night temperature contrast, which is sen-
sible since more vigorous outflow from the convective
region is expected to redistribute heat around the planet
more efficiently. Extrapolating this relationship to the
HighRes simulation (vertical lines in Fig. 15), we find
that because of lower divergence, the estimate of ∆Tdn
is higher than in the global simulations. The fact that
HighRes simulations produce weaker divergence than
the global simulations is in agreement with the weaker
latent heating in the upper troposphere, as has been
illustrated by the vertical profiles in Fig. 14. This is
particularly clear for Trappist-1e, for which data from
the HighRes simulation predicts a temperature contrast
of 69± 3 K, i.e. an increase by almost 12± 3 K com-
pared to the control MassFlux value (Fig. 15a). As for
Proxima b, the wind divergence in the HighRes model
is closer to the global model values. Consequently, the
increase of ∆Tdn is only ≈4 K relative to the global
simulation. This is to be expected from our earlier
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Figure 13. Vertical profiles of the cloud (solid) liquid water and (dashed) ice mixing ratio averaged over the center part of the
HighRes domain in (light blue) global and (dark blue) HighRes simulations of (a) Trappist-1e and (b) Proxima b. Thin lines
represent spatial averages for each day of the 10-day analysis window, thick lines are the 10-day mean.
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Figure 14. As in Fig. 13, but for temperature increments due to latent heating.
analysis, because cloud condensate profiles and TOA
OLR histograms also showed a better match between
the global and HighRes models for Proxima b. Still,
it is evident from our high-resolution simulations that
UM simulations with parameterized convection appear
to be skewed towards higher upper-tropospheric diver-
gence and thus smaller inter-hemispheric temperature
contrasts.
4. DISCUSSION
4.1. Convection on the day side and implications for
atmospheric circulation
By controlling the magnitude of the substellar atmo-
spheric heating on a tidally-locked terrestrial planet,
convection clearly plays an important role in regulat-
ing its global climate. Therefore, care should be taken
when deciding between convection parameterizations to
employ within a GCM.
On more massive and slower rotating planets, exem-
plified here by the Proxima b case, atmospheric circu-
lation patterns can be expected to be less sensitive to
how convection is represented. Nevertheless, the ther-
modynamic aspects of climate would still be affected,
namely a different global temperature and water vapor
content, as well as a different cloud distribution. For
planets at the rotation regime boundary, exemplified by
Trappist-1e, changing the convection scheme may tip the
atmosphere into a markedly different circulation regime.
Simpler convection schemes, such as that based on ad-
justment or relaxation to a reference lapse rate used in
this study, may lead to a positive bias in estimating
mean global surface temperature, while underestimat-
ing the day-night temperature contrast (Sec. 3.1). The
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Figure 15. Day-night surface temperature difference (∆Tdn, K) as a function of the average wind divergence in the free
troposphere (5–20 km) of the substellar region (∇ · ~uss, s−1) for the ensemble of simulations with different empirical parameters
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the uncertainty in high-resolution estimates due to the temporal variability.
latter is caused by exaggerated energy redistribution to
the night side of the planet. Whether this bias is posi-
tive for the majority of convection adjustment schemes
is unclear and requires a broader model intercomparison
project, such as Fauchez et al. (2020).
Focusing on the Trappist-1e case, which here is more
sensitive to the convection representation, we note that
convective heating, concentrated at the substellar point
and represented differently by parameterizations, affects
the global climate from three complementary perspec-
tives. First, it affects the thermal structure of the atmo-
sphere, both on the day side and on the night side. Sec-
ond, it modulates the response of planetary-scale waves,
favoring either equatorial or extratropical Rossby waves.
This is reflected by the configuration of dominant jet
streams and the strength of equatorial super-rotation.
Third, it alters the global water balance, via changes
in the total amount of water vapor, cloudiness, and the
surface water redistribution. The cloudiness response,
expressed in terms of CRE, is substantial (see Table 4),
especially for stellar radiation. The “reflective” effect of
clouds is reduced by >60 % when a simpler convection
scheme is used, causing the total (negative) CRE to
diminish. This may have implications for the strength
of the stabilizing cloud feedback and the estimates of
the inner boundary of the habitable zone (Yang et al.
2013). Changes in the atmospheric circulation and ra-
diation balance then feed back to the thermodynamic
structure of the planet. Thus, the effect of convection is
multi-faceted.
The importance of developing convection parameteri-
zations is not just to improve coarse-resolution GCMs.
More importantly, it helps us to disentangle the role of
different processes in shaping planetary climates. Pa-
rameterizations summarize our understanding of physi-
cal processes and their interactions with the large-scale
flow. Thus even with global cloud-permitting models
becoming available, it is still valuable to revisit and im-
prove convection parameterizations (Rio et al. 2019).
Development of these parameterizations for exoplanets
should be aided by convection-permitting models like
the one in this study.
Convection-permitting models have been used to iden-
tify biases in global model parameterizations for Earth,
for example in the case the structure, diurnal cycle, and
rainfall intensity of the West African Monsoon (Mar-
sham et al. 2013). Whilst we think it is too early to
compile similar guidelines for exoplanet GCMs — due to
a very wide parameter space and observational paucity
— in the present study we attempt to encourage further
research in this direction by unveiling some of the ben-
efits of high-resolution modeling. Our high-resolution
simulations illustrate this by producing a detailed repre-
sentation of convective plumes in the substellar region,
along with fine-scale cloud and precipitation patterns,
supporting the results of Zhang et al. (2017) for a tidally-
locked exoplanet. Notwithstanding similar water vapor
profiles and the same microphysics scheme used both in
the global and HighRes simulations, we find differences
in the vertical profiles of latent heating and convective
cloud condensate. Coarse-resolution simulations with
parameterized convection tend to have a positive bias in
the latent heating profile, affecting the total temperature
increment in the region. We thus expect a weaker upper-
troposphere heating if a hypothetical global convection-
permitting simulation is performed.
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Using horizontal flow divergence as one of the metrics
of substellar convection, we make an estimate of what ef-
fect a hypothetical global convection-permitting simula-
tion would have on the global climate, namely the mean
day-night surface temperature contrast. The results of
our linear regression suggest that because of weaker di-
vergence, the temperature contrast would be higher than
in the coarse-resolution parameterized-convection exper-
iments, especially in the Trappist-1e case. This will be
explored in more depth in our future work.
Finally, despite the thermal and circulation differ-
ences between convection regimes, our results show that
the near-surface conditions remain relatively temperate.
Specifically, the day side of both planets always retains a
patch of surface temperature above the freezing point of
water. At the same time, even in cold traps on the night
side and even in the most extreme case (NoCnvPm for
Proxima b), the lowest temperature stays above the CO2
condensation point (≈125 K at ps = 1 bar), thus keeping
the contribution of this gas to the greenhouse effect. If a
high-resolution simulation is performed over the whole
planet, we can expect the night side surface tempera-
tures to be lower. However, the decrease should not be
large enough to go beyond the point of CO2 condensa-
tion. Thus, given the atmospheric composition used in
our study, it is still broadly possible for tidally-locked
Trappist-1e and Proxima b to host a water cycle be-
tween hemispheres, confirming previous studies of these
planets (Turbet et al. 2016; Boutle et al. 2017; Lewis
et al. 2018; Fauchez et al. 2020).
4.2. Implications for observations
The cloudless atmosphere of a rocky planet can ap-
pear to have a large day-night temperature contrast, es-
pecially at low surface pressure (Koll 2019). The pres-
ence of condensible species that form clouds smooth this
contrast via the release of latent heat of condensation.
As noted above, high clouds have a positive CRE by
reducing the amount of energy radiated to space. On
tidally-locked planets, deep convective clouds, formed
on the day side due to moist convection, reduce its ther-
mal emission, thus further reducing the day-night con-
trast or even reversing it (Yang et al. 2013). Under-
standing the range of cloud cover uncertainty associated
with different convection schemes can help us to inter-
pret emission spectra that will be available from future
space telescopes.
In our study, the effective temperature (Teff ) differ-
ence between the substellar and antistellar hemispheres
varied from 13 K to 20 K for Trappist-1e and from 24 K
to 35 K for Proxima b in global coarse-resolution exper-
iments. While the contrast is relatively small, it is still
positive. The high-resolution simulation tends to pro-
duce even lower thermal emission at the substellar point
(Fig. 11). Thus running a global simulation with explicit
convection may yield an even lower Teff contrast.
4.3. Future work
Whilst our study is one of the first attempts to use a
convection-permitting model in the context of exoplanet
atmospheres, its results raised several questions that are
beyond the scope of the present manuscript. To begin
with, we used orbital parameters and stellar irradiation
spectra for real exoplanets, but assumed synchronous ro-
tation and a nitrogen-dominated atmosphere. Our next
step is to test the behavior of convection schemes at dif-
ferent surface pressures, atmospheric compositions (e.g.
with oxygen and ozone), spin-orbit resonances, and stel-
lar spectra of F-, G-, or K-stars.
From a technical perspective, it is also important to
test the robustness of our conclusions by running a large
suite of high-resolution simulations with various grid
configurations and placements of the regional model do-
main. This will provide more general guidelines for us-
ing convection schemes in exoplanet GCMs. Ultimately,
we aim to use the output of the convection-permitting
model as a benchmark for refining GCM parameteriza-
tions of convection and microphysics. Our future goal is
to run a global convective-permitting simulation, which
will be possible with the successor of the UM — the
LFRic model (Adams et al. 2019).
The surface boundary condition is undoubtedly a very
important part of modeling convection. As shown by
Lewis et al. (2018), placing a continent on the day side
of Proxima b impedes surface evaporation, dries up the
atmosphere, and reduces the heat redistribution to the
night side. These effects are clearly linked to convec-
tive processes, so future studies should also explore the
response of high-resolution model to different types of
surface, including various land types, a dynamic ocean,
or an ocean with prescribed heat-flux.
Beyond thermodynamic effects of resolved convection
for the climate of tidally-locked exoplanets, an exciting
avenue of research would be to combine high-resolution
modeling with interactive chemistry. This would allow
for a refined study of the gas mixing processes, such
as the ozone cycle on Earth-like planets (Yates et al.
2020) or the relative abundance of CH4 and CO on hot
Jupiters (Drummond et al. 2020). More intense updrafts
and downdrafts, as well as different rainfall rates, can
lead to differences in how an exoplanet GCM simulates
upward transport or deposition of chemical species. Yet
another unexplored problem, contingent on faithful sim-
ulations of atmospheric convection and clouds, as well as
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chemistry, is the occurrence of electric storms and gen-
eration of lightning (Tost et al. 2007). Because lightning
can alter atmospheric composition on exoplanets (Arda-
seva et al. 2017), high occurrence of electric storms of
convective origin can manifest itself via a chemical foot-
print, such as nitrogen oxides or ozone. Hence, high-
resolution modeling can help to improve the interpre-
tation of chemical signatures in observable spectra, by
improving estimates of convection and electric storm ac-
tivity.
5. CONCLUSIONS
The key findings of this study are as follows.
1. Moist convection plays a key role in the heat redis-
tribution on tidally-locked Earth-like exoplanets
orbiting M-dwarf stars. By affecting the tempera-
ture and humidity stratification, convection mod-
ulates the global circulation and water cycle. Con-
vection needs to be parameterized in global coarse-
resolution models, but as our 3D GCM simulations
demonstrate, one should keep in mind possible bi-
ases of simplified parameterizations. Swapping a
mass-flux convection scheme to a simple adjust-
ment scheme can lead to a substantial decrease
of the shortwave cloud radiative effect (by >60 %)
and albedo of the planet (by >50 %), potentially
shrinking the width of habitable zone for a given
star.
2. Importantly, convection regulates the climate of
the whole planet and not just the substellar point
where it is active. This is linked to the change in
circulation patterns for Trappist-1e and thermody-
namic effects for Proxima b, when one or another
convection parameterization is chosen. The con-
vective adjustment parameterization warms up the
night-side cold traps by 17–36 K for these planets
relative to the mass-flux scheme. The overall top-
of-atmosphere thermal contrast between the sub-
stellar and antistellar hemispheres is altered too:
from 13 K to 20 K for Trappist-1e and from 24 K
to 35 K for Proxima b.
3. Convection parameterization can have different
effects for different terrestrial planets. Even
with the minor orbital differences used here for
Trappist-1e and Proxima b, we find that the for-
mer is more susceptible to changing the parame-
terization. We speculate that this is because the
atmosphere of Trappist-1e is on the boundary be-
tween two rotation regimes, and so can be more
easily tipped over into one dynamical state or an-
other.
4. From the habitability perspective, the near-surface
conditions both in the Trappist-1e and Proxima
b cases remain temperate and allow for a water
cycle to exist between the hemispheres. In other
words, the choice of convective treatments we have
explored do not push the climate out of a habit-
able state, given the atmospheric composition and
planetary parameters used in our study.
5. GCMs with convection parameterizations may suf-
fer from certain biases compared to explicitly re-
solved convection models. In our case, the global
UM is biased in the cloud structure and cloud
radiative effects, relative to the high-resolution
model.
6. We perform an ensemble of global simulations
to predict what effect a hypothetical global
convection-permitting simulation would have on
the global climate, namely the mean day-night
surface temperature contrast. Our results suggest
that in such a simulation the temperature contrast
would be higher than in the coarse-resolution sim-
ulations with parameterized convection, by ≈12 K
for Trappist-1e and by ≈4 K for Proxima b.
7. A novel approach applied here is convection-
permitting modeling of substellar convection. We
use the nested grid configuration of the UM, estab-
lishing a self-consistent set-up between the global
coarse-resolution and regional high-resolution con-
figurations. We show that convection-permitting
simulations can be used to assess convection pa-
rameterizations in GCMs and their impact on
the climate of an exoplanet as a whole. Future
convection-permitting simulations will help to con-
strain the amount of cloud, precipitation, and ex-
port of moisture to the night side of wider range
of tidally-locked exoplanets.
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APPENDIX
A. CONVECTION SCHEME PARAMETERS IN THE GLOBAL ENSEMBLE SIMULATIONS
In order to derive the statistical relationship between the substellar convection and global temperature conditions,
we run a suite of global coarse-resolution experiments with some of the parameters of the mass-flux convection scheme
perturbed within a range of values (see Sec. 3.3). Only a single parameter is perturbed in each realization of the
ensemble, the rest are held the same as in the control. Here we list these parameters, their value in the control
experiment, and range of values in the ensemble experiments.
While this is not a complete inventory of all parameters available in the UM, it includes the most important ones. The
first five parameters regulate the rate of entrainment of background air into the convective plume and detrainment of
convective clouds, which have been shown to be key factors in reproducing tropical atmosphere soundings (Derbyshire
et al. 2004) and simulating convective aggregation in aquaplanet experiments (Becker et al. 2017). For the mass-flux
parameterization used in the UM specifically, Sexton et al. (2019) show that increased values of ent fac dp lead to
the reduction of convection depth and suppression of precipitation. Larger values of r det, on the other hand, give
deeper convection and also change its vertical profile. For the CAPE timescale, for example, Sexton et al. (2019)
report that shorter values result in more spatially and temporally intermittent convection. We also briefly looked at
the simulation with convective momentum transport switched off (l mom= OFF ), and it appeared to be one of the
outliers in Fig. 15, which warrants further sensitivity studies. Other parameters appear to be important too, though
to a lesser extent.
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